1. Introduction {#s0005}
===============

Atherosclerosis is a complex process which begins in areas where disturbed blood flow induces partial endothelial activation. Activated endothelial cells produce adhesion molecules, including E-selectin, P-selectin, and vascular cell adhesion molecule-1 (VCAM-1), causing monocytes to attach to the endothelium and to move into the arterial intima. Monocytes are then transformed into macrophages and further activated by encounters with pathogen- and damage-associated molecular patterns, as well as by various proinflammatory cytokines [@bb0005]. A key step in the development of the atherosclerotic plaque is the engulfment by endocytosis of low-density lipoprotein (LDL) particles by macrophages, leading to the formation of foam cells, which together with activated endothelial cells secrete a host of proinflammatory cytokines, matrix metalloproteinases, and cathepsins, fragilising the plaque [@bb0005]. However, *in vitro* experiments have shown that macrophages present low expression of the LDL receptor and possess little affinity for unmodified LDL particles [@bb0010]. Chemical modification of LDL is necessary to induce the formation of foam cells. Such proatherogenic modifications of LDL include aggregation, enzymatic digestion and oxidation. LDL oxidation dramatically increases the affinity of the particle to macrophage scavenger receptors, leading to rapid uptake of the modified lipoproteins [@bb0015]. This process begins when, following transcytosis to the subendothelial space [@bb0020], LDL particles are retained in the arterial wall through specific interactions between apolipoprotein (apo) B and arterial proteoglycans [@bb0025], [@bb0030], [@bb0035], [@bb0040]. This interaction is mediated by specific apo B residues at the positions 3359 to 3369 [@bb0045].

Oxidative stress in the subendothelial space is responsible for the formation of oxidized LDL (oxLDL) *via* oxidants of both enzymatic and non-enzymatic origin [@bb0015] ([Fig. 1](#f0005){ref-type="fig"}). Indeed, LDL oxidation is negligible in the circulation, reflecting the presence of multiple antioxidant defense systems which involve antioxidant enzymes, such as superoxide dismutase, catalase and glutathione-peroxidase, but equally water-soluble antioxidants, such as ascorbate, urate and bilirubin [@bb0050], [@bb0055], [@bb0060], [@bb0065]. Additionally, lipid-soluble vitamin E, mainly in the form of α-tocopherol, is transported by LDL particles together with other lipophilic antioxidants, such as ubiquinol-10, which protect LDL from oxidation not only in plasma but also in the arterial wall [@bb0070]. Exposure to cell-derived oxidants is necessary for the oxidative modification of LDL. These oxidants can be of free-radical (one-electron) and non-free-radical (two-electron) nature, and mainly originate from reactions catalyzed by 12/15-lipoxygenase, myeloperoxidase, nitric oxide synthases and NADPH oxidases, as well as from those mediated by transition metals, heme and hemoglobin [@bb0075]. Two-electron oxidants (hypochlorite, peroxynitrite) modify LDL almost instantly, primarily attacking apo B. The process of LDL oxidation by one-electron oxidants (free radicals) is assumed to occur in two main steps. During initial stages, oxidative modifications of LDL lipids occur in the absence of changes in apo B. Such modified lipoprotein is termed minimally oxidized LDL. It retains the affinity for the LDL receptor, does not possess elevated negative charge, activates anti-apoptotic signaling, and induces inflammatory pathways, involving increased chemokines and cytokine secretion [@bb0080]. Recruitment of inflammatory cells may result in enhanced production of a variety of cytokines and further oxidation of LDL. Subsequently, LDL lipids are oxidized to a greater extent, generating both free and core aldehydes, and ketones that covalently modify ε-amino groups of lysine residues present in apo B, which finally suffers a process of fragmentation. These events lead to a loss of recognition by the LDL receptor and to a shift to recognition by scavenger receptors, resulting in the formation of macrophage-derived foam cells [@bb0085]. Such highly oxidized LDL is commonly termed oxLDL; however, LDL may undergo various degrees of oxidation. Importantly, such a diversity of LDL oxidation states provides distinct biological effects on vascular cells [@bb0080]. For example, tissue factor expression in endothelial cells is exclusively induced by mildly oxidized LDL, whilst only lipids present in highly oxidized LDL are cytotoxic and pro-apoptotic [@bb0080]. Accordingly, oxLDL contains multiple products of free radical-induced lipid peroxidation, including lipid hydroperoxides (LOOH) as primary products, secondary LOOH-derived short-chain oxidized phospholipids (oxPL) and oxidized sterols [@bb0015].Fig. 1Mechanisms of LDL oxidation in the arterial wall. Upon entry in the subendothelial space LDL particles are exposed to local oxidative stress arising from the presence of cell-associated enzymes, including NADPH oxidase, lipoxygenases and myeloperoxidase, as well as from transition metal ions. Oxidants produced by these entities may oxidize LDL to different degrees. Whereas NADPH oxidase and lipoxygenases only lead to the formation of minimally oxidized LDL, myeloperoxidase and NADPH oxidase combined with NO synthase oxidize LDL extensively. The minimally oxidized LDL is predominantly characterized by the presence of oxidized lipids, whilst extensive oxidation of both protein and lipid components constitutes the hallmark of extensively oxidized LDL. Minimally oxidized LDL displays low affinity to macrophage scavenger receptors and can readily return to the bloodstream. Locally, minimally oxidized LDL induces inflammatory activation involving chemokine and cytokine production and recruitment of inflammatory cells, which in turn increases chemokine and cytokine accumulation. As a result, lipid oxidation proceeds ending in the formation of heavily oxidized and fragmented apo B. Such extensively oxidized LDL are readily taken up by macrophages *via* scavenger receptors leading to the formation of foam cells.LDL, low density lipoprotein; oxLDL, oxidized LDL; apo, apolipoprotein; oxPL, oxidized phospholipid; LOOH, lipid hydroperoxide.Fig. 1

Nevertheless, it is important to note that characterization of naturally occurring oxLDL remains challenging. There is convincing evidence that oxLDL is present in atherosclerotic lesions of both humans and experimental animals [@bb0090]. Indeed, modified LDL particles with properties similar to those of *in vitro* highly oxidized LDL have been isolated from atherosclerotic lesions of both humans and rabbits [@bb0095]. In addition, levels of minimally oxidized LDL have been shown, through specific monoclonal antibodies, to be increased in the circulation of individuals suffering from coronary artery disease [@bb0100].

High density lipoprotein (HDL) has been postulated to exert an important antioxidative function, among other antiatherogenic activities. Such antoxidative capacity can be crucial for the impairment of atherosclerotic plaque formation and development. There is abundant evidence showing that atheroprotective actions of HDL involve its ability to protect LDL from oxidation by free radicals. Indeed, HDL potently protects both lipid and protein moieties of LDL, inhibiting accumulation of primary and secondary peroxidation products [@bb0105].

HDL particles are however highly heterogenic and can be separated using different techniques into distinct subclasses according to their physicochemical properties. Thus, HDL particles can be fractionated by sequential ultracentrifugation on the basis of density into large, light, lipid-rich HDL2 (d 1.063--1.125 g/ml) and small, dense, protein-rich HDL3 (d 1.125--1.21 g/ml) [@bb0110] ([Table 1](#t0005){ref-type="table"}). HDL2 and HDL3 can be further subfractionated using non-denaturing polyacrylamide gradient gel electrophoresis into five subpopulations of increasing density and decreasing size, which include HDL2b, HDL2a, HDL3a, HDL3b and HDL3c [@bb0110]. Equivalent HDL subpopulations can be quantitatively isolated by isopycnic density gradient ultracentrifugation [@bb0110].Table 1Physical characteristics of HDL subspecies (according to Refs. [@bb0110], [@bb0200], [@bb0620]).Table 1[^1]

As expected, the diversity in the composition of HDL particles results in differences in the biological activity and atheroprotective potential of these subpopulations [@bb0115], [@bb0120], [@bb0125]. Unveiling specific mechanisms underlying the antioxidative role played by HDL particles can reveal novel pathways, which if manipulated, can help to combat atherosclerosis.

2. Antioxidative activity of HDL {#s0010}
================================

*In vitro* experiments have provided evidence of HDL-mediated prevention of LDL oxidation ([Fig. 2](#f0010){ref-type="fig"}). HDL prevents the accumulation of lipid hydroperoxides in LDL [@bb0130], [@bb0135], without a parallel increase in HDL lipid hydroperoxide content when both lipoproteins are co-incubated under oxidizing conditions. The inhibition of oxidation by HDL can last for several hours and is not derived from the action of chain-breaking antioxidants or from chelation of transition metals but mainly due to protein-based activity [@bb0135], [@bb0140], [@bb0145]. It is worth noting that these effects of HDL are already observed using *in vitro* experiments carried out at similar protein concentrations of LDL and HDL. When HDL concentrations however exceed those of LDL, as they do in the subendothelial space, even greater suppression of LDL oxidation is to be expected.Fig. 2Mechanisms of HDL-mediated protection against LDL oxidation in the arterial wall. HDL present in the intima space can protect LDL against oxidation by several mechanisms. HDL directly protects LDL from oxidation induced by one-electron oxidants (free radicals) and removes oxidized lipids from LDL. Altogether, these activities can decrease local concentrations of oxLDL; as a consequence, LDL can retain the capacity to re-enter the bloodstream for longer time periods, diminishing inflammatory impact of LDL oxidation. Antioxidative potential of HDL particles originates both from activities of their proteins and from lipid components. Noteworthy, HDL displays much lower protective activity (if any) against two-electron oxidants as compared to one-electron oxidants.LDL, low density lipoprotein; HDL, high density lipoprotein; oxLDL, oxidized LDL; apo, apolipoprotein; oxPL, oxidized phospholipid; LOOH, lipid hydroperoxide; PON 1, paraoxonase 1; GPX3, Glutathione selenoperoxidase 3; PAF-AH, platelet-activating factor acetyl hydrolase; PS, phophatidylserine; S1P, sphingosine-1 phosphate.Fig. 2

Both chemical and physical properties of HDL determine the efficiency of this inhibition. We have previously established a role for the rigidity of HDL surface phospholipid monolayer as a modulator of the transfer efficiency of phosphatidylcholine hydroperoxides (PCOOH) from LDL to HDL [@bb0150]. In this study, both the PCOOH transfer rate from oxLDL to HDL and the capacity of HDL to delay LDL oxidation were inversely correlated with surface lipid rigidity in reconstituted HDL (rHDL). Furthermore, HDL can also remove LOOH from membranes of erythrocytes and astrocytes [@bb0155], [@bb0160], [@bb0165], a process also dependent on cellular membrane phospholipid rigidity [@bb0170]. Small, dense HDL3 particles may be superior to large, light HDL2 in terms of their capacity to prevent LDL oxidation [@bb0175], [@bb0180], [@bb0185]. Structural defects in the packing of surface lipids, which allow insertion of exogenous molecules, become more pronounced with decreasing HDL particle size and may account for this property [@bb0190]. Consistent with this finding, small discoid rHDL complexes appear to remove negatively charged lipids from oxidized LDL to a greater degree than native, spherical HDL [@bb0195]. Furthermore, antioxidative activity of HDL can increase in parallel to electronegativity [@bb0200]. However, it is important to note that these small HDL subpopulations also display distinct proteome and lipidome [@bb0120], [@bb0205], [@bb0210].

Chemical composition of HDL particles heavily influences their antioxidative properties [@bb0215]. HDL ability to decrease LDL oxidation is inversely correlated to its free cholesterol and sphingomyelin content, whilst positively to sphingosine-1-phosphate levels [@bb0210]. Furthermore, several HDL protein components, such as apo A-I [@bb0220], [@bb0225], apo A-II [@bb0230], apo A-IV [@bb0235], apo E [@bb0240], apo M [@bb0245], apo D, apo F, apo J, apo L-1 and serum amyloid A [@bb0205], can display antioxidative properties. In addition to these proteins, HDL-associated hydrolases, including paraoxonase (PON) 1, lecithin-cholesterol acyltransferase (LCAT) and platelet activating factor acetyl hydrolase (PAF-AH) [@bb0250], [@bb0255], can contribute to antioxidative activity of HDL. Lipid transfer proteins, notably cholesteryl ester transfer protein (CETP) and phospholipid transfer protein (PLTP), are another group of proteins which may be involved in the inhibition of LDL oxidation mediated by HDL [@bb0205], [@bb0260], [@bb0265]. Finally, HDL particles carry small amounts of lipophilic antioxidants, primarily tocopherols, which may provide a minor contribution to their antioxidative properties [@bb0270].

Transfer of LOOH can occur directly between lipoproteins, although evidence suggests that transfer proteins such as CETP can accelerate the process [@bb0260], [@bb0265].Consequently, HDL particles constitute a major carrier of LOOH in human plasma and have therefore been proposed to function as a 'sink' for oxidized lipids [@bb0275], which can accumulate when LOOH-inactivating capacity of HDL is overwhelmed. Consistent with this hypothesis, HDL has been shown to represent the major carrier of plasma F2-isoprostanes, stable end products of lipid peroxidation [@bb0280]. From the physiological point of view, such "sink-like" function of HDL may ensure efficient elimination of oxidized lipids from the circulation through the liver [@bb0260].

3. Molecular components of HDL contributing to its antioxidative activity {#s0015}
=========================================================================

Different HDL-associated apolipoproteins, lipid transfer proteins and enzymes have been shown to contribute to antioxidative capacity of HDL ([Table 2](#t0010){ref-type="table"}).•Apo A-I is the major HDL apolipoprotein which is synthesized by the liver and small intestine. Apart from being essential for HDL structure and for activation of HDL-associated enzymes such as PON1 and LCAT [@bb0285], it is involved in the HDL ability to neutralize one-electron free-radical oxidants. Indeed, Met residues located in the positions 112 and 148 of apo A-I can reduce LOOH into redox-inactive lipid hydroxides (LOH) by oxidation of their thiol groups, thereby terminating chain reactions of lipid peroxidation [@bb0220], [@bb0225]. Recent evidence suggests that Tyr 115 is also involved in such redox reactions [@bb0290]. Concentrations of redox-active Met residues in apo A-I and of PLOOH suggest a 1:1 reaction stoichiometry [@bb0150], [@bb0220], [@bb0225]. Furthermore, lipid-free apo A-I has been shown to remove seeding LOOH molecules from LDL [@bb0295]. Indeed, rHDL containing only purified apo A-I and phospholipids, show similar capacity to inhibit LDL oxidation as compared to native, normolipidemic small, dense HDL3b and 3c [@bb0150]. Thus, the redox state of apo A-I Met residues seems to represent a key determinant of HDL antioxidative capacity, following the transfer of LOOH to HDL particles.•Apo A-II is another apolipoprotein of hepatic origin preferentially associated with large HDL particles. These particles typically possess diminished antioxidative activity in comparison with small HDL subpopulations [@bb0300]. Nevertheless, Met residue-dependent antioxidative properties have previously been also attributed to apo A-II [@bb0230]. However, the finding that transgenic mice over-expressing human apo A-II present increased aortic accumulation of oxLDL and possess HDL with diminished antioxidative activity directly contradicts this assertion [@bb0305]. Indeed, apo A-II displaces both apo A-I and the antioxidant enzyme PON1 from HDL particles in these mice [@bb0305]. Furthermore, *in vitro* experiments reveal that apo A-II suppresses binding of PON1 to HDL [@bb0240], [@bb0310].•Apo A-IV shares several structural characteristics with apo A-I [@bb0315]. It is synthesized by the intestine and secreted on chylomicrons. In the circulation, apo A-IV dissociates from chylomicrons following triglyceride hydrolysis and associates to HDL by approximately 25% [@bb0320], [@bb0325]. Earlier studies carried out in mice have attributed antioxidative properties to apo A-IV [@bb0235]. A recent *in vitro* study suggested that only its lipid-free form possessed anthiaterogenic properties similar to those of apo A-I [@bb0330].•Apo E is another apolipoprotein component of HDL of hepatic origin which displays allele-specific antioxidative properties [@bb0335]. It can bind PON1 and stimulate its activity in a manner similar to apo A-I, though to a lesser extent [@bb0240]. However, a recent study carried out in transgenic mice suggested that apo E-containing HDL particles are markedly less effective in their antioxidative activity than apo A-I-containing particles [@bb0340].•Apo M is secreted by the liver and kidney and initially remains bound to cell membranes [@bb0345]. In the circulation, it is mainly found associated to HDL [@bb0350]. Recent evidence suggests that apo M can bind oxidized phospholipids and enhance antioxidative activity of HDL [@bb0245].•Other apolipoproteins which have been implicated in antoxidant activity of HDL include apo C-I, apo C-II, apo F, apo J, apo L-1 and apo D [@bb0205]. Apo C is a family of four proteins (apo C-I, apo C-II, apo C-III and apo C-IV) which belong to surface components of HDL, chylomicrons and VLDL. HDL particles are the main carrier of apo Cs in the fasting state [@bb0355]. Apo D is secreted by the brain and testes; in plasma, it is carried by HDL in association with LCAT, mediating interaction between HDL and LDL particles [@bb0360], [@bb0365]. Apo D contributes to antioxidative activity of HDL by reducing LOOH molecules [@bb0370]. Apo F is a modulator of CETP activity responsible for enhancing lipid transfer between VLDL and HDL, whilst inhibiting the exchange between VLDL and LDL [@bb0375]. Apo J is associated with HDL where it serves as a chaperone for misfolded proteins [@bb0380]. Several functions have been attributed to apo J, including protecting cell membranes and sensing oxidative status [@bb0380]. Apo L-1 binds in plasma to HDL3; the protein has been proposed to play a role in cell death and innate immunity [@bb0385], [@bb0390]. Interestingly, all these apolipoproteins were shown to be present in the proteome of HDL3c, the HDL subfraction which is highly potent in the prevention of LDL oxidation. Moreover, apo F, apo J and apo L-1 were exclusively found in HDL3, with HDL3c being their main carrier. Furthermore, HDL3c content of apo J, apo L-1 and apo D correlated positively with its antioxidative activity [@bb0205].•CETP is a plasma protein primarily secreted by the liver and adipose tissue. In plasma, it mediates the exchange of cholesteryl esters and triglycerides between apo B-containing lipoproteins and HDL [@bb0395]. Different studies have shown that CETP can facilitate the passage of both phospholipid and cholesteryl ester hydroperoxides from LDL to HDL particles [@bb0260], [@bb0265]. As a corollary, Hines et al. [@bb0400] showed that addition of CETP to HDL increases its ability to inhibit LDL oxidation.•PLTP is another lipid transfer protein involved in the remodeling of HDL particles [@bb0405]. It mediates the transfer of phospholipids from triglyceride-rich lipoproteins to HDL as well as phospholipid exchange between HDL subspecies [@bb0405]. It has been reported that PLTP can contribute to antioxidative activity of HDL, though no specific mechanisms have been revealed [@bb0205].•Serum amyloid A (SAA) is a family of liver-secreted proteins which are in the circulation predominantly found on HDL [@bb0410]. Three of the SAA isoforms (SAA 1, SAA 2 and SAA 3) are expressed during the acute phase of inflammation [@bb0415] and the fourth isoform (SAA 4) is expressed constitutively [@bb0420]. Earlier studies found a positive correlation between SAA 4 concentration and HDL antioxidative activity [@bb0205]. Furthermore, recent studies revealed that rHDL which contained SAA displayed higher capacity to inhibit LDL oxidation as compared to normal HDL [@bb0425], [@bb0430]. Indeed, HDL particles isolated from individuals presenting high SAA levels in the circulation showed potent antioxidative activity [@bb0425]. It is noteworthy in this regard that unbound SAA can bind lipid hydroperoxides, in a manner similar to Apo AI, though to a lesser extent [@bb0430].•PON1 is a glycoprotein enzyme which in the circulation exclusively associates with HDL. It is mainly secreted by the liver, though local synthesis occurs in several tissues [@bb0435], [@bb0440]. PON1 is capable of hydrolyzing a wide variety of substrates such as lactones, glucuronide drugs, thiolactones, arylesters, cyclic carbonates, organophosphorus pesticides and nerve gases [@bb0445], [@bb0450]. Its name is derived from the ability to hydrolyze pesticide paraoxon [@bb0455]. PON1 activity towards some substrates, including paraoxon, is influenced by genetic polymorphisms, the most studied of which is the R192Q substitution [@bb0460]. Traditionally, hydrolysis of oxPLs has been considered to represent the major function of this enzyme [@bb0105]. This activity involves hydrolysis of phosphatidylcholine-based oxPL and generation of bioactive lysophosphatidylcholine [@bb0445]. Furthermore, several studies have provided evidence linking PON1 to atherosclerosis. *In vitro* experiments first showed that the PON1-containing fraction of HDL was highly efficient in the prevention of the accumulation of lipid peroxides in LDL [@bb0130], [@bb0140]. Animal models have provided further evidence for the antioxidative role of PON1. Knockout mice, which lacked PON1, presented impaired antioxidative activity in HDL, in addition to increased susceptibility to organophosphate poisoning and atherosclerosis [@bb0465], [@bb0470]. Consistent with this finding, mice over-expressing human PON1 showed reduced generation of reactive oxygen species and decreased foam cell formation [@bb0475]. Different epidemiological studies have reported an inverse association between serum PON1 activity and coronary events [@bb0480], [@bb0485]. In particular, the largest single cohort study performed to date (Cleveland Clinic GeneBank study) involving 3668 patients following coronary angiography revealed a greater than two-fold risk of new cardiovascular events in the lowest quartile of serum PON1 activity compared with the highest one [@bb0490]. Regarding genetic evidence, studies have shown that PON1 192QQ homozygotes display HDL possessing elevated antioxidative activity [@bb0495], [@bb0500]. Nevertheless, other studies have questioned the relevance of PON1 as an antioxidant enzyme. Thus, PON1 failed to hydrolyze oxPLs in several *in vitro* experiments [@bb0505], [@bb0510], [@bb0515]. Moreover, PON1 is weakly reactive towards LOOH [@bb0520]. Indeed, Khersonsky et al. suggested that lactones and not oxPLs constitute physiological substrates of PON1 [@bb0450]. An interesting possibility derives from a recent work by Huang et al. [@bb0525] who propose that PON1 can form a tertiary complex with HDL and myeloperoxidase which can modulate the activity of the latter.•PON3 mainly functions as a lactonase and is also present in HDL particles, but to a lesser extent than PON1 [@bb0510]. Transgenic mice lacking PON3 are prone to atherosclerosis [@bb0530]. However, relevance of PON3 with respect to lipid oxidation remains unknown [@bb0205].•LCAT is another hydrolase associated with HDL. This enzyme catalyzes the conversion of free cholesterol into cholesteryl ester, thereby increasing its hydrophobicity [@bb0535]. LCAT can also hydrolyze oxidized acyl chains of oxPLs, generating lysophosphatidylcholine and oxidized free fatty acids [@bb0540]. Furthermore, LCAT can work as a chain-breaking antioxidant *via* its Cys residues at the positions 31 and 184 [@bb0545]. There is evidence that mutations in LCAT may reduce antioxidative capacity of HDL [@bb0550]. However, these mutations were not associated with increased concentrations of lipid peroxidation products in plasma [@bb0550]. Furthermore, inhibition of LCAT activity did not affect HDL capacity to neutralize lipid hydroperoxides derived from LDL [@bb0150].•PAF-AH, another hydrolase present in HDL, can hydrolyze oxidized short-chain phospholipids; however, it is inactive against long-chain non-oxidized phospholipids [@bb0555]. Macrophages represent the most important source of this enzyme [@bb0560]. Plasma PAF-AH circulates in the association with LDL and HDL particles, with the majority of the enzyme bound to small, dense LDL and to lipoprotein (a) [@bb0565]. Several studies suggest that PAF-AH is the main oxPL hydrolase in HDL [@bb0505], [@bb0515], implying that the minor fraction of this enzyme, carried by HDL, displays antiatherogenic properties [@bb0570], [@bb0575], [@bb0580]. Furthermore, PAF-AH is capable of hydrolyzing oxPLs within oxidized LDL; in this case, free fatty acid hydroperoxides are transferred to HDL for subsequent reduction to corresponding hydroxides by apo A-I [@bb0585]. It is worth noting that due to substrate overlapping, PAF-AH activity is difficult to separate from that of PON1 [@bb0590]. Nevertheless, as mentioned above, the majority of PAF-AH is carried by LDL, where its activity represents an independent risk factor for coronary heart disease [@bb0595]. Mechanisms underlying this association may involve release of lysophospholipids by LDL-associated PAF-AH in the subendothelial space where they become harmful to cells and membranes [@bb0595]. Interestingly, a rare example of HDL-mediated protection from two-electron oxidants consists in the inactivation by enzymes, such as PAF-AH and/or PON1 with a participation of apo A-I [@bb0600], of phospholipid core aldehydes generated upon HDL oxidation by peroxynitrite.•Glutathione selenoperoxidase 3 (GPX3), also known as glutathione peroxidase 3, is another antioxidant enzyme associated with HDL [@bb0605]. It is mainly secreted by the kidney [@bb0610] and, as all GPX enzymes, it protects biomolecules from oxidative damage by catalyzing the reduction of hydrogen peroxide, lipid peroxides and organic hydroperoxides, in a reaction which depends on the availability of reduced glutathione [@bb0615].•Lipid components also contribute to antioxidative activity of HDL ([Table 3](#t0015){ref-type="table"}). As previously mentioned, such activity is negatively associated with free cholesterol and sphingomyelin content of HDL [@bb0210], both of which increase particle surface rigidity. In contrast, HDL ability to protect LDL oxidation correlates positively with sphingosine-1-phosphate [@bb0210] and phosphatidylserine [@bb0620] levels. Interestingly, earlier studies have shown an inverse association between phosphatidylcholine-based readily-oxidizable polyunsaturated fatty acid content [@bb0625] and antioxidative activity of HDL [@bb0630]. Furthermore, such activity is negatively associated with the content of proinflammatory PLs commonly present in these particles, such as phosphatidic acid [@bb0635], [@bb0640], ceramide [@bb0620], [@bb0630] and lysophosphatidylcholine [@bb0640]. Finally, both cholesteryl ester and triglyceride content have previously shown negative correlations with antioxidative activity of HDL [@bb0620].Table 3Effects on antioxidative activity and preferential location of HDL-associated lipids.Table 3Effect on antioxidative activityPreferential locationSMInhibitionHDL2CEInhibitionHDL2FCInhibitionHDL2TGInhibitionHDL2CerInhibitionHDL2LysoPCInhibitionHDL3PAInhibitionHDL3PSEnhancementHDL3S1PEnhancementHDL3[^2]Table 2Major lipoprotein-associated proteins harboring antioxidative activities (Ref. [@bb0215]).Table 2ProteinMain sourcePreferential location in the circulationMechanism of antioxidative activityCommentsApoA-ILiver, small intestineHDLReduction of LOOH to redox-inactive LOH, ROS scavenging, PON1 activationLargely determined by oxidative status of Met residuesApoA-IILiverLarge HDLReduction of LOOH to redox-inactive LOHLargely determined by oxidative status of Met residuesApoA-IVIntestineChylomicrons, HDLRemoval of oxidized lipids from cells and lipoproteins, ROS scavengingPrimarily in a lipid-free formApoDBrain, testesHDLInhibition of lipid peroxidation by reduction of LOOHBinds to LCAT, favors HDL to LDL associationApoELiverHDL3Inhibition of lipid peroxidationBinds PON1, activity is allele-specificApoFLiverHDL, LDLModulator of CETP activityApoJBrain, testes, ovary, liver, pancreasHDLRemoval of oxidation productsApoL1Pancreas, lung, prostate, liver, placenta, spleenHDLUnknownApoMLiver, kidneyHDLUnknownSAALiverHDLBinding of LOOHPON1LiverHDLHydrolysis of short-chain oxidized PLsWeak activity towards LOOHLCATLiverHDLPAF-AHMacrophagesLDL, Lp(a), HDLStrong activity towards LOOHPON3Liver, kidneyHDLLactonase activityGPX3KidneyHDLReduction of LOOHGlutathione-dependent activityCETPLiver, adipose tissueHDLEnhanced transfer of oxidized lipids between LDL and HDLExchanges CE for TG between VLDL, LDL and HDLPLTPPlacenta, pancreas, lung, kidney, heart, liver, muscle, brainHDLUnknown[^3]

4. HDL and non-radical oxidants {#s0020}
===============================

There are two types of naturally occurring oxidant compounds, those that possess unpaired electrons, termed one-electron oxidants or free radicals (hydroxyl radicals, lipoxyl radicals, superoxide, *etc.*), and those which have all electrons paired, referred to as two-electron non-radical oxidants (HOCl, ONOO^−^, *etc.*) [@bb0645]. Traditionally, studies have focused on HDL ability to protect LDL from oxidation mediated by free radicals, while non-radical oxidants remain poorly studied in this regard. Ahmed et al. [@bb0445], [@bb0600] found that apo A-I and PON1 can act in tandem to neutralize the oxidative damage caused on HDL particles by ONOO^−^, both in isolated and reconstituted HDL. Introduction of His and Cys residues at the positions 2/3 and 12, respectively, of apo A-I remarkably enhanced its capacity to prevent LDL oxidation and to remove HOCl [@bb0650]. Nevertheless, evidence suggests that native HDL are rather ineffective against HOCl-mediated oxidation. HOCl can target and oxidize Tyr, Met and Trp residues in the apo A-I moiety leading to a loss of functionality [@bb0655], [@bb0660]. Furthermore, HOCl can induce impairment of PON1 activity [@bb0665]. The oxidative modification of apo A-I and PON1 produces defective HDL particles with diminished atheroprotective potential. Thus, HDL capacity to protect against non-radical induced oxidation seems to be dependent on the nature of the oxidant molecule.

5. Heterogeneity of antioxidative activities of HDL {#s0025}
===================================================

HDL particles are highly heterogeneous in their structure, metabolism and biological functions [@bb0120], [@bb0250], [@bb0670] ([Table 3](#t0015){ref-type="table"}). Among the major HDL subpopulations, small, dense, protein-rich HDL3 display the highest efficiency at protecting LDL from free radical-induced oxidative damage [@bb0175] and inhibiting oxLDL-induced apoptosis of endothelial cells [@bb0675]. HDL3 are characterized by distinct proteome and lipidome [@bb0205], [@bb0210], [@bb0620].

In particular, HDL3c showed a high potency to protect LDL from free-radical-induced oxidation; its proteome predominantly contained apo A-I, apo J, apo L-1, apo F, PON1/3, PLTP and PAF-AH, in addition to apo A-II, apo D, apo M, SAA 1, 2 and 4, apo C-I, apo C-II and apo E [@bb0205]. Furthermore, antioxidative activity of HDL subpopulations was positively correlated with the presence of apo J, apo M, SAA4, apo D, apo L-1 and PON1/3 [@bb0205]. It is relevant that the simultaneous presence of PON1 and apo A-IV on a subset of small HDLs endowed these particles with potent antioxidative activity in apo E-/-mice [@bb0680]. Moreover, PLTP is present on HDL together with apo J, apo L-I, apo D, apo A-I, apo A-II and apo E, suggesting direct functional interaction between them [@bb0685].

Furthermore, small, dense HDL3 is distinct in its lipidome which is deficient in sphingomyelin, a structural lipid with positive impact on surface rigidity and negative impact on LCAT activity, and in free cholesterol which is equally capable of increasing phospholipid monolayer rigidity [@bb0210]. Finally, the distinctly low lipid content of small, dense HDL3 induces conformational changes in apo A-I relative to large, light HDL2. This may result in enhanced exposure of the protein to the aqueous phase, thereby facilitating the redox reaction between Met residues and LOOH [@bb0690], [@bb0695].

6. Pathophysiological relevance of antioxidative activities of HDL {#s0030}
==================================================================

LDL-derived LOOH display multiple pro-oxidative and pro-inflammatory properties. Moreover, LOOH can decompose into short-chain oxPL and aldehydes, all of which are proatherogenic. These data highlight the relevance of HDL-mediated neutralization of diverse products of lipid peroxidation [@bb0015]. Such activity can be especially important in microenvironments depleted of other antioxidant defenses, such as in the arterial intima.

Different studies have reported that HDL particles display impaired antioxidative activity in atherogenic dyslipidemias characterized by low HDL-cholesterol (HDL-C) levels. *In vitro* studies reveal that the capacity of small, dense HDL3 subfractions to decrease LOOH accumulation in LDL particles was significantly reduced in patients with metabolic syndrome (MetS) [@bb0700]. Similar result was obtained for HDL3 particles isolated from patients with well-controlled type 2 diabetes (T2D), who also exhibited diminished PON1 and PAF-AH activities in HDL [@bb0705], but not when analyzing antioxidative activity of total HDL [@bb0710]. Regarding poorly-controlled T2D, one study showed that large, light, cholesteryl ester-rich HDL2 exhibited decreased capacity to protect LDL from macrophage-mediated oxidation [@bb0715], whilst other authors found decreased antioxidative activity in HDL3c [@bb0630]. Furthermore, all HDL subfractions from normoglycemic patients with isolated low HDL-C levels displayed reduced antioxidative activity relative to their counterparts from normolipidemic controls [@bb0720]. Interestingly, the intrinsic antioxidative activity of HDL particles was equally reduced in patients with hyperalphalipoproteinemia associated with low activity of hepatic lipase and high HDL content of triglyceride [@bb0725]. In all these studies, HDL particles presented similar alterations in their composition and/or activity of associated enzymes despite pronounced differences in plasma HDL-C levels, suggesting that intrinsic properties of HDL particles, rather than plasma HDL-C levels *per se*, accounted for the observed functional deficiency.

In a recent study, antioxidative capacity of apo B-depleted serum, measured as its ability to prevent LDL oxidation, was reported to be reduced in acute coronary syndrome but not in stable coronary artery disease when compared to healthy controls [@bb0730]. Using similar technique, apo B-depleted serum from patients with polycystic ovary syndrome, a condition characterized by insulin resistance, presented reduced capacity to protect LDL from oxidation [@bb0735]. It is essential to emphasize that only apo B-containing lipoproteins are removed from plasma by apoB-precipitation which leaves in the solution all other components, primarily albumin, a major antioxidant of human plasma, together with numerous low-molecular-weight hydrophilic antioxidants, such as ascorbate, urate and others [@bb0740]. Importantly, HDL only provides a minor contribution to the capacity of apo B-depleted plasma or serum to inhibit LDL oxidation [@bb0740], [@bb0745]. Results of the studies reporting altered antioxidative activity of HDL isolated by apo B precipitation cannot therefore be directly interpreted as alterations in HDL properties and may reflect other modifications of plasma or serum, such as decreased albumin levels under acute conditions.

Another study, which evaluated total antioxidative capacity of plasma, reported that this parameter was decreased in parallel to PON1 activity in polycystic ovary syndrome [@bb0750].

Alterations in antioxidative activity of HDL are not exclusive of diseases with a metabolic component. Several investigators reported that antioxidative activity of HDL was impaired in chronic inflammatory diseases. In a recent study, we found that antioxidative activity of HDL3 was reduced in patients with rheumatoid arthritis (RA) who presented high levels of inflammation (hsCRP \> 10 mg/l) [@bb0635]. Consistent with these data, McMahon et al. [@bb0755] observed a decrease in antioxidative activity of total HDL in patients with systemic lupus erythematosus (SLE). This finding was corroborated by a recent study which also reported decreased PON1 activity in this condition [@bb0760].

In renal diseases, which are known causes of secondary dyslipidemia, Moradi et al. [@bb0765] found a decrease in antioxidative activity of total HDL in patients with end stage renal disease (ESRD). HDL particles from these patients also showed diminished PON1 and GPX activity, in addition to reduced apo A-I concentration. Furthermore, studies in patients undergoing hemodialysis documented impairment of HDL-mediated inhibition of LDL oxidation [@bb0770] and increase in oxidized HDL [@bb0775]. Remarkably, such increase in oxidized HDL was associated with elevated occurrence of cardiovascular disease and increased mortality.

Interestingly, patients with iron deficiency anemia (IDA) showed a decrease in antioxidative activity of total HDL associated with impairment in PON1 activity [@bb0780]. Similar results were observed in postmenopausal women but exclusively in the subgroup with PON1 QR phenotype [@bb0785].

In several studies mentioned above, HDL3 subfractions were triglyceride-enriched and cholesteryl ester-depleted [@bb0700], [@bb0705], [@bb0720], alterations that were correlated with the diminished antioxidative activity. Such modifications of lipid composition are in accordance with elevated CETP activity and/or reduced hepatic lipase activity. Different *in vitro* experiments have provided potential mechanisms to explain the impairment of HDL antioxidative capacity by triglyceride enrichment. Replacement of cholesteryl esters by triglycerides in the HDL lipid core considerably alters the conformation of the central and C-terminal domains of apo A-I [@bb0690], [@bb0695], thereby potentially modifying the accessibility of Met residues to LOOH. Moreover, replacement of cholesteryl esters by triglycerides in spherical rHDL decreases the conformational stability of apo A-I [@bb0690], resulting in unstable particles which readily lose apo A-I.

Other alterations at the level of the HDL lipidome which can impact antioxidative properties of HDL involve enrichment in sphingomyelin and depletion of polyunsaturated fatty acids, both resulting in elevated rigidity of the phospholipid surface monolayer of HDL. Such structural anomalies may cause a deficiency in the capacity of HDL3 to acquire LDL-derived LOOH and, consequently, to protect LDL from free radical-induced oxidative damage. In addition, we found that HDL from RA patients displayed increased content of phosphatidic acid, which was associated with decreased antioxidative activity [@bb0635].

In addition to alterations in the HDL lipidome, modifications of the proteome can affect HDL functionality in different diseases. Under conditions of acute inflammation, HDL particles are enriched in SAA [@bb0105]. Replacement of apo A-I by acute phase proteins, primarily SAA, in small, dense HDL particles under conditions of chronic inflammation [@bb0790] might lead to deficient inactivation of LOOH by HDL, increasing their accumulation in LDL. Indeed, apo A-I content in HDL tends to be reduced in metabolic [@bb0700], [@bb0705], [@bb0720] and inflammatory [@bb0635], [@bb0795] diseases. Interestingly, therapies targeting tumor necrosis factor α, a well-known activator of SAA synthesis [@bb0800], improved antioxidative activity of HDL in SLE patients [@bb0760]. However, it is important to note that recent evidence suggests potential antioxidant role for SAA-enriched HDL particles. Similarly to apo A-I, antioxidative activity of SAA depends on the presence of thiol groups, implying that this activity can partially compensate for the loss of apo A-I commonly observed during inflammation [@bb0425], [@bb0430].

Oxidative modifications of apo A-I represent another pathway potentially resulting in the decreased inactivation of LOOH by HDL. Indeed, apo A-I content of oxidized Met residues is elevated in type 1 diabetic patients at all three positions (Met86, Met112 and Met148) [@bb0805]. Finally, non-enzymatic glycation, a post-translational modification of apo A-I, can be equally involved in the impairment of antioxidative properties of HDL [@bb0810]. In addition to apo A-I, glycation may impair activities of HDL-associated enzymes. In this regard, high levels of apo A-I glycation and low PON1 activity were associated with the severity of coronary artery disease in T2D patients [@bb0815].

7. Lifestyle influence on antioxidative activity of HDL and therapeutic perspectives {#s0035}
====================================================================================

HDL-targeting therapy has traditionally been directed to increase HDL-C levels. However, there is evidence pointing to HDL functionality as a better therapeutic target. In the case of antioxidative activity, evidence is still limited. Nevertheless, it is important to summarize all current findings on the subject.

Lifestyle differences are known to affect HDL composition and functionality. Several studies have explored the influence of dietary and exercise habits on antioxidative activity of HDL. Normocholesterolemic patients with metabolic syndrome presented significant improvement in antioxidative activity of HDL3c after 12 weeks of individually tailored diet and exercise intervention [@bb0820]. Moreover, dyslipidemic patients with metabolic syndrome exhibited an increase in antioxidative potential of HDL2a and 3b, in parallel to an increment in PON1 activity after 3 months of moderate intensity physical activity [@bb0825]. Likewise, triathletes with the PON1 QR phenotype exhibited an increase in antioxidative activity of total HDL [@bb0830], potentially reflecting adaptative increase in antioxidant defenses in response to oxidative stress resulting from increased oxygen consumption. Regarding smoking, Park et al. found that smokers presented impaired antioxidative activity of HDL and elevated LDL oxidation as compared to non-smoking controls [@bb0835].

In addition to lifestyle intervention several pharmacological alternatives have been developed which can potentially improve antioxidative activity of HDL:

7.1. Statins {#s0040}
------------

Atorvastatin increased plasma total antioxidant status in parallel to PON1 activity in hypercholesterolemic patients [@bb0840], [@bb0845], [@bb0850], [@bb0855]. Other statins also showed positive effects on PON1 activity in different studies [@bb0860], [@bb0865], [@bb0870] and pitavastatin was able to increase both PON1 transcription [@bb0875], [@bb0880] and activity [@bb0885].

7.2. Fibrates {#s0045}
-------------

Fenofibrate therapy caused a redistribution of PAF-AH from apo B-containing liporpoteins to HDL, enhancing its anti-atherogenic potential, in dyslipidemic patients [@bb0575]. Moreover, administration of fenofibrate caused an increase in GSX activity together with a decrease in systemic oxidative stress in obese hyperlipidemic patients [@bb0890], [@bb0895]. Finally, several studies reported improvements in PON1 activity in patients with different types of dyslipidemia after treatment with fenofibrate [@bb0900], [@bb0905], [@bb0910]. By contrast, short-term administration of bezafibrate in combination with simvastatin failed to increase PON1 activity [@bb0915].

7.3. Niacin {#s0050}
-----------

Niacin intake correlated negatively with plasma levels of oxLDL in healthy adults \[[@bb0920]\]. Moreover, niacin treatment resulted in a decrease in systemic oxidative stress, in addition to an increase in PON1 activity in hypercholesterolemic patients [@bb0925]. However, it is worth noting that niacin/laropiprant treatment failed to increase antioxidative activity of HDL or PON1 activity in statin-resistant dyslipidemic patients [@bb0930]. Batuca et al. found that even though niacin administration raised HDL-C levels, it also led to an increase in anti-apo A-I antibodies and impairment of PON1 activity [@bb0935].

7.4. Apo A-I mimetics {#s0055}
---------------------

Several Apo A-I mimetic peptides have been developed, with bihelical peptides being superior to their monohelical counterparts due to enhanced lipid affinity of the latter [@bb0940]. Navab et al. [@bb0295], [@bb0945] tested the ability of a series of apo A-I peptides to inhibit LDL oxidation, and found that peptides 4F and 5F were highly effective. Both 5F synthesized from [l]{.smallcaps}-amino acids (L-5F) and 4F synthesized from [d]{.smallcaps}-amino acids (D-4F) were tested in animal models and displayed the ability to protect from atherosclerosis [@bb0950]. Moreover, inserting antioxidant amino acid residues at different positions in the apo A-I moiety produced mimetic peptides with enhanced antioxidative activity [@bb0650]. Another apo A-I mimetic, L-6F, displayed antioxidant properties in several mouse models [@bb0955], [@bb0960]. In particular, feeding atherosclerotic mice a Western diet which included transgenic tomatoes expressing L-6F improved an array of biomarkers of inflammation and oxidative stress [@bb0955]. ETC-642 is a 22-amino acid peptide which has been shown to reduce proinflammatory oxidized LDL in rabbits [@bb0965]. 5A is another apo A-I mimetic which displays antioxidant properties both *in vitro* and in animal models [@bb0970]. D\'Souza et al. [@bb0975] investigated the effect on cholesterol efflux and anti-inflammatory and antioxidant properties of 22 different bihelical apo A-I mimetic peptides and found that none of the compounds was superior in all the antiatherogenic functions studied, and that each of the examined biological activities was primarily affected by specific structural features. These results suggest that combining several apo A-I mimetic peptides, each mimicking different structural aspects of apo A-I, may prove to be a valuable strategy to mimic multiple anti-atherosclerotic properties of apo A-I.

7.5. rHDL {#s0060}
---------

rHDL containing apo A-I mutant peptides V156 K and R173C displayed elevated antioxidative activity as compared to normal HDL *in vitro* [@bb0980]. Moreover, mice injected with V156K-rHDL and R173C-rHDL particles exhibited improvements in lipid parameters in addition to increases in HDL antioxidant activity [@bb0980]. A recent study [@bb0985] found that rHDL which carried growth hormone 2 showed enhanced antioxidative activity. Similar results were observed for growth hormone 1 [@bb0990]. Furthermore, apo A-I Milano-containing rHDL showed higher antioxidative activity than wild-type rHDL in rats, resulting in the protection from endotoxin-induced multiple organ injury [@bb0995]. CSL112, a formulation of rHDL comprised of apo A-I and phosphatidylcholne, currently under development for the prevention of atherothrombotic events, caused a remodeling of HDL particles in human test subjects [@bb1000]. Such remodeling resulted in the formation of three distinct HDL species, two of which displayed potent antioxidative and anti-inflammatory properties. Finally, rHDL which contained ω-3 fatty acids, showed greater capacity to protect LDL from oxidation than rHDL carryng ω-6 fatty acids both in cell culture and in zebra fish embryos [@bb1005].

7.6. Antibodies {#s0065}
---------------

Infliximab, an antibody against tumor necrosis factor α used in the treatment of rheumatoid arthritis, reportedly increased total HDL antioxidant function and PON1 activity six months after administration \[[@bb1010]\].

8. Conclusions {#s0070}
==============

Circulating HDL particles, primarily small, dense, protein-rich HDL3, may provide potent protection to LDL from oxidative damage by free radicals in the arterial intima, resulting in the inhibition of the generation of pro-inflammatory oxidized lipids, primarily LOOH but also short-chain oxPL and reactive aldehydes. HDL-mediated inactivation of LOOH involves initial transfer of PLOOH from LDL to HDL, which is governed by the rigidity of the surface monolayer of HDL, and subsequent reduction of PLOOH by redox-active Met residues of apo A-I. PON1, PAF-AH, and LCAT are present at elevated concentrations in HDL3 relative to HDL2 and might be involved in the inactivation of short-chain oxPLs. Therefore, HDL represents a lipoprotein particle capable of acquiring potentially toxic proatherogenic lipids and restricting them to an environment where they can be safely inactivated and/or from which they can be delivered to the liver for excretion.

Different metabolic and inflammatory diseases present an impairment of HDL antioxidative function. Evidence suggests that structural and compositional anomalies in the proteome and lipidome of HDL underlie such functional deficiency. We therefore propose that concomitant normalization of the metabolism, circulating levels, composition and biological activities of HDL particles, primarily those of biologically potent small, dense HDL3, can constitute a therapeutic target of future interest.
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[^1]: Surface-to-core ratio is calculated as a mass ratio of the sum of surface components (phospholipid, free cholesterol, protein) to the sum of core components (triglyceride, cholesteryl ester). HDL, high density lipoprotein; SM, sphingomyelin; FC, free cholesterol.

[^2]: HDL, high density lipoprotein; SM, sphingomyelin; CE, cholesteryl ester; FC, free cholesterol; TG, triglyceride; Cer, ceramide; LysoPC, lysophophatidylcholine; PA, phopshatidic acid; PS, phosphatidyl serine; S1P, sphingosine-1 phosphate.

[^3]: Apo, apolipoprotein; HDL, high density lipoprotein; LDL, low density lipoprotein; VLDL, very low density lipoprotein; SAA, serum amyloid A; LCAT, lecithin cholesterol acyltransferase; PON, paraoxonase; PAF-AH, platelet activating factor acetyl hydrolase; GPX3, glutathion selenoperoxidase 3; CETP, cholesteryl-ester transfer protein; PLTP, phospholipid transfer protein; ROS, recative oxygen species; LOOH, lipid hydroperoxide; LOH, lipid hydroxide; PL, phospholipids; CE, cholesteryl ester; TG, triglyceride.
